Introduction
The study of photosynthesis and respiration is greatly facilitated by the use of a model organism in which these bioenergetic processes are Abbreviations used: PSI, photosystem I; PSII, photosystcm 11; T T C , 2,3,5-triphenyltetrazolium chloride.
*'I") whom correspondence should be addressed. accessible to genetic dissection. In this regard, the green unicellular alga Chlaniydomonas reinhardtii is particularly valuable as a eukaryotic model system for higher plants. The Chlaniydornonas cell contains a single chloroplast that occupies approximately 4.0% of the cell volume, together with several small mitochondria [ 11. As in higher plants, the light reactions of photosyn-thesis are carried out within the thylakoid membranes of the chloroplast by multisubunit complexes linked by mobile electron carriers. The subunit structure and mechanism of action of these complexes appear to be essentially identical with their plant counterparts [ 11. Similarly, the respiratory chain of the mitochondrion is typical of that found in most higher plants, being composed of the classical cyanide-sensitive pathway [Z] and an alternative pathway from ubiquinone to oxygen mediated by a cyanide-insensitive salicylhydroxamic acid-sensitive oxidase [3, 4] .
Unlike most plants, Chlamydomonas is able to dispense with photosynthesis. Mutants lacking essential components of the photosynthetic apparatus, including the membrane-bound ATP synthase, are able to grow as heterotrophs, utilizing acetate as an exogenous source of reduced carbon and generating sufficient cellular ATP through oxidative phosphorylation within the mitochondrion. This has allowed the generation of mutants lacking one or more of the complexes, or mutants carrying site-directed changes in key photosynthetic components (e.g. [5, 6] ). Similarly, mutants impaired in respiration are able to survive as obligate photoautotrophs. Such mutants grow at near wild-type rates in the light, indicating that the cell's ATP requirements are met principally by photophosphorylation during phototrophic growth [4]. Mutants lacking either the cytochrome brl complex or the cytochrome oxidase (complex IV) have been described [7] , but none have been isolated that are impaired in the NADH-ubiquinone oxidoreductase (complex I), possibly because this complex together with the cyanide-insensitive pathway is essential for the regeneration of NAD+ from NADH produced in the Krebs cycle.
T h e interaction of Chlamydomonas chloroplasts and mitochondria at the level of ATP is further demonstrated by studies of chlororespiration in this alga. Bennoun [8] first postulated the presence of a respiratory chain within the chloroplast, demonstrating that the plastoquinone pool was oxidized in the dark under aerobic conditions and that this generated an electrochemical gradient across the thylakoid membrane as a result of ATP hydrolysis. More recent work by Bennoun [9] has shown that specific inhibitors of the mitochondrial cytochrome bc complex also inhibit chlororespiration, indicating that mitochondrial ATP is required for this process. Finally, an interesting observation was made by Lemaire et al. [lo] , who showed that the nonphotosynthetic mutant (FUD50) that completely lacks the chloroplast ATP synthase can be induced by mutation to grow photoautotrophically. This suppressor mutant remains defective in the chloroplastic ATP synthase and is sensitive to respiratory inhibitors, indicating that the ATP requirements of the Calvin cycle can be provided by the mitochondrion.
The biogenesis of the electron-transfer complexes of eukaryotic chloroplasts and mitochondria involves a complicated interplay between two genetic compartments. For each complex, some of the protein subunits are encoded within the plastid or mitochondrial genome. The remainder are encoded by nuclear genes, synthesized on cytosolic ribosomes and then imported into the respective organelles [ 11, 121 . Consequently, the biogenesis of each complex requires the co-ordinated expression of many nuclear and organellar genes to ensure the production of stoichiometric amounts of each subunit together with the various associated cofactors (chlorophylls, cytochromes, etc.). It is generally accepted that the dominant partner in this co-ordination is the nucleus, although there is evidence of feedback mechanisms from the organelle that regulates the expression of key nuclear genes (e.g. [ 131). Genetic and biochemical studies of Chlamydomonas and of higher plants such as maize have defined a large number of nuclear-encoded factors required for the expression of specific chloroplast genes [ 141. This requirement is principally at the post-transcriptional level with factors mediating such processes as RNA splicing and processing, RNA stability and translation initiation, protein stability, cofactor attachment and complex assembly. This nuclear-chloroplast communication is shown schematically in Figure 1 . Studies of respiratory mutants of yeast have revealed a similar involvement of nuclear-encoded factors in the expression of mitochondrial genes [IS] . Given that many of these factors appear to be highly specific and are required for the expression of individual genes, it is plausible that such factors play an active role in regulating the biogenesis of each complex.
We are interested in characterizing these nuclear-encoded factors at the molecular level with a view to understanding how they mediate organelle gene expression and how they may regulate subunit synthesis under differing growth conditions (e.g. photoautotrophic versus heterotrophic growth) and in response to changing Volume 24 environmental factors. Such a study requires that all three genetic compartments are accessible to gene manipulation. Chlamydomonas is currently unique in that it is the only organism for which DNA transformation systems have been developed for the nuclear, chloroplast and mitochondrial genomes [ 161.
Generation of tagged nuclear mutants
Several techniques for nuclear transformation of Chlamydomonas have been described [ 171. By far the simplest and most efficient is the method described by Kindle [18] , in which a suspension of cells is briefly agitated in the presence of glass beads and DNA. Cells are then plated on selective medium to allow the growth of discrete transformant colonies. These appear after 1-2 weeks at a frequency of 1/105-1/104 treated cells. For high transformation rates, it is necessary to use cell-wall-deficient cells. This is achieved by pretreatment of walled cells with the lytic enzyme autolysin or, more commonly, by exploiting one of the many cell-wall-deficient mutant strains (e.g. cw15). A large number of Chlamydomonas genes have been used as selectable markers for transformation of auxotrophic or phototrophic mutants carrying lesions in the corresponding nuclear gene [17] . One of the most widely used markers is Arg7 [19] . This gene encodes the arginine-biosynthetic enzyme argininosuccinate lyase and is able to complement arginine-requiring arg7 mutants. More recently, we have developed a small dominant marker based on the bacterial gene ble, which confers resistance to the antibiotics phleomycin and zeomycin [ZO] .
An important feature of nuclear transformation is that integration of the marker into the nuclear genome occurs principally via non-homologous recombination resulting in insertion of the DNA at apparently random locations. Such random integration occasionally leads to the disruption of an endogenous gene and hence the creation of a stable 'tagged' mutant. Since the marker DNA is physically linked to the affected gene, the gene is readily amenable to cloning. Using this approach, we and others have generated mutants affected in cellular processes such as flagellar biogenesis, photosynthesis and in various metabolic pathways [21, 22] .
Mutants affected in the synthesis of the photosynthetic complexes
Mutants affected in the biosynthesis of the photosynthetic complexes typically display an altered steady-state level of fluorescence [ 11. We have used a simple colony-screening procedure to identify high fluorescence mutants among a transformant population generated by transformation using either f l G 7 or hlr [S] . These mutants have been characterized by EI'R spectroscopy in order to identify signals arising from key paramagnetic species in each complex. These signals can be used as diagnostic indicators of a functional complex. Photosystem I1 (PSII) is identified by the dark-stable tyrosine radical Y,)., photosystem I (PSI) by the lightinduced signal from P700f (the oxidized form of the primary electron donor) and the cytochrome h,, f complex by the signal arising from the iron-sulphur centre of the Rieske subunit [23] . One finding that has emerged from EPR and biochemical studies of photosynthetic mutants is that a failure to assemble one of the complexes appears to have no effect on the ability of the other membrane complexes to accumulate to normal levels and to be fully functional [14] . However, individual subunits of the affected complex are rapidly degraded in the absence of assembly, leading to a pleiotropic reduction in their steady-state levels. We can therefore classify our mutants into those that are deficient specifically in PSII, PSI or the cytochrome h,,f complex. T h e mutant phenotypes described below are summarized in Table 1 . To date we have not identified any mutants that fail to accumulate more than one complex, although the creation of such double or triple mutants by conventional genetic crosses demonstrates that such mutants are perfectly viable [ 11.
PSI1 mutants
So far we have isolated 12 mutants in which the PSII complex is absent, as judged by EPR and Western-blot analysis. Measurement of steadystate transcript levels for the chloroplast-encoded components by Northern-blot analysis reveals that two of the mutants fail to accumulate a specific mRNA: mutant Md114 is defective in the accumulation of the transcript for the D 2 subunit, whereas M421 fails to accumulate the transcript for the chlorophyll-binding core component CP43. RNA pulse-labelling studies demonstrate that, in both mutants, the failure to accumulate the transcript is due to a defect in Table I Photosynthetic mutants generated by transformation mutagenesis J. Girard-Bascou and S. Purton, unpublished work). The nuclear genes disrupted in these mutants therefore encode factors that reduce the rate of turnover of the chloroplast transcripts (cither directly through RNA binding or through some pathway involving several components) and therefore allow the synthesis of sufficient D2 or CP43 for PSII assembly.
PSI mutants
An additional complication of PSI biogenesis in C'lilcint?i~loinoneis is the unusual structure of the gene pscul which encodes one of the large core subunits of the complex. The gene is fragmented into three exons that are widely scattered on the chloroplast genome and independently transcribed [24] . Synthesis of a mature psn4 mRNA therefore requires two tinns-splicing reactions in which transcripts for exons 1 and 2 and exons 2 and 3 are spliced together. These two reactions can occur in either order, and hence three classes of tinns-splicing mutant can be described that are defective in either or both steps [24] . Most of these mutations are in nuclear genes, and presumably some encode components of a splicing complex. Since psn4 is the only tiniisspliced gene in the chloroplast genome of ~' l i l~i~~i~~~o~i I~? i c~s , the nucleus has a possible mechanism for regulating PSI biogenesis through these factors. We have isolated 17 PSI mutants that either completely lack the complex or show a significant reduction in PSI activity. RNA analysis reveals that six are trans-splicing mutants and include representatives of each class (Table 1 ). In addition, one mutant (M428) appears to be affected in the accumulation of the mature RNA transcript, and therefore represents a phenotype not previously described.
Cytochrome b6f mutants
Recently, we have described five mutants affected in the biogenesis of the cytochrome h$ complex [S] . As with the PSII mutants, we have identified RNA-stability mutants that are specifically affected in the accumulation of a single chloroplast transcript: namely, the transcript for cytochrome b , (mutant M437) and the transcript for cytochrome f (mutant M 4 11). For M411, we have used the ARG7 tag to clone the nuclear gene affected in the mutant. Re-introduction of the gene into M 4 11 restores synthesis of the cytochrome h h f complex and photosynthetic function [S] . We have now obtained a cDNA clone for the gene. DNA analysis of this clone should provide insights into the mechanism of action of the gene product. Of the other three mutants, two appear to be defective in the insertion of the non-covalently bound haems into the cytochrome b, apoproteins. However, neither mutant is affected in haem insertion into the apoproteins of cytochrome f or the PSII component cytochrome hss0, indicating that synthesis of each holoprotein involves separate and specific nuclear-encoded factors (N. J. Gumpel 
Respiratory mutants
We have begun a similar search to that described above for tagged nuclear mutants affected in the biogenesis of the respiratory complexes. Wildtype (,'lIlain?icionzonas can grow in the dark provided that it is supplied with a reduced carbon source such as acetate. Mutants that are obligate photoautotrophs (dark-dier mutants) have been described previously and have been shown to have mutations in either the nuclear or mitochondrial genomes [4, 7] . Although some of these mutants show pleiotropic defects in mitochondrial morphology, others appear to be specifically affected in either the cytochrome hc I complex or the cytochrome oxidase (complex IV). For example, the nuclear mutant dk-97 has normal rates of electron flow between NADH and cytochrome c , but lacks any detectable oxidase activity [4] . It is possible that the nuclear gene affected in this mutant encodes a component of the cytochrome oxidase or a trans-acting factor required for expression of the mitochondrion DNA-encoded subunit 1 of the complex. Dorthu et al. [7] have described a simple assay for respiratory mutants of ('lilaniydoomonas based on the reduction of the tetrazolium salt 2,3,5-triphenyltetrazolium chloride (TTC) to a deep red precipitate. In the dark, this reaction is carried out specifically by the mitochondria1 cytochrome oxidase, resulting in green wild-type colonies turning purple within several hours of overlaying the plates with agar containing T T C . Mutants affected in the transfer of electrons to the oxidase remain green and can be easily distinguished. We have used this screen to identify several ble transformants that are incapable of reducing TTC. Growth tests have confirmed that these mutants have a dark-dier phenotype. We are currently carrying out biochemical studies of these mutants in order to define the nature of
